AD-A260 231 |
b (:>

PL-TR-92-2138

A Systematic Study of the Effects of Crust and Upper D T l C

Mantle Structure on Regional Seismograms ELECTE °
FEB1 01993

Danny J. Harvey

University of Colorado
Department of Physics
TAGG/ISPC

Campus Box 583
Boulder, CO 80309

1 June 1992

Scientific Report No. 1 93_

N IIi!Il!I!'lilll I Illz lli‘ -

Approved for public release; distribution unlimited

PHILLIPS LABORATORY

¥ Directorate of Geophysics
; SAIR FORCE SYSTEMS COMMAND

HANSCOM AIR FORCE BASE, MA 01731-5000




The views and conclusions contained in this document are those of the authors
and should not be interpreted as representing the official policies, either
expressed or implied, of the Air Force or the U.S. Government.

This technical report has been reviewed and is approved for publication.

M¢4 Qﬁﬁﬁ/m

ESF. LEWKOWICZ ES F. LEWKOWICZ
Yoptfact Manager anch Chief
Solid Earth Geophysics Branch Solid Earth Geophysics Branch
Earth Sciences Division Earth Sciencs Division

%W«J

DONALD H. ECKHARDT, Director
Earth Sciences Division

This document has been reviewed by the ESD Public Affairs Office (PA) and is
releasable to the National Technical information Service (NTIS).

Qualified requestors may obtain additional copies from the Defense Technical
Information Center. All others should apply to the National Technical
information Service.

If your address has changed, or if you wish to be removed from the mailing list,
or if the addressee is no longer employed by your organization, please notify
PU/IMA, Hanscom AFB MA 01731-5000. This will assist us in maintaining a
current mailing list.

Do not return copies of this report unless contractual obligations or notices on
a specific document requires that it be returned.




Form Approved

REPORT DOCUMENTATION PAGE Onra w 9vos.0188

F£.0L¢ 28025 DLrCer Prr TRy crecica G N emat s Stimateg s L arage Tt gt g0t T a5 100 LM LOF VIR G ASIILITLCRY, SEAIIMING €1 31 ~3Cila K m
qatrenng 4na Mamntﬂmq the a1 needed and (LmMO.eunG #7a Teview ng The (TIIBLUCA SN 2rm4115A  Sand (ommenty re?arumq P13 DUren £40.Mate Cr any Sther aspedt ©f tay
collecuion of 1ntOrMation, 1ACIUAING JUQQGMILICNS (OF T8C _UING th1Y SUIGEA * D WaSNQLON Heanguanars Secuices, Directorate 1or intarmaton Coe sncnsy and Pescny 1715 (et aran

Daves Highway, Surte 1204 Arlington, vA 222024302 and 10 the Gtfice 0t Management and BudGet P1per wors Reduction Penyect (0702.0 ' 88} Wash ngtan [C 10¢7)

1. AGENCY USE ONLY (Leave blank) {2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
1 June 1992 Scientific No. 1
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
A Systematic Studv of the Effect of Crust and Upper F19628-90-K-0050
Mantle Structure on Regional Seismograms PE62101F
PR 7600
6. AUTHOR(S) TAO9
WV BH

Danny J. Harvev

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) B. PERFORMING ORGAM ZATICN
REPORY NUMBER

The University of Colorado
Department of Physics
TAGG/JSPC

Boulder, CO 80309-0583

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING. MONITORING
AGENCY REPORT NUMBER

Phillips Laboratory
Hanscom AFB, MA 01731-5000 PLL-TR-92-2138

Contract Manager: James Lewkowiz/GPEH

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b DISTRIBUTION CODE

approved for public release;
distribution unlimited

13. ABSTRACT (Maximum 200words) As part of a broader effort to invert ftor Fkurasian crust and
upper mantle structure, a study has been undertaken to- investigate the effects of
structural model variations on regional synthetic seismograms. The intent of this
study is to produce regional synthetic seismograms that approximately match the
observed data so that the inferred structural models can be used as starting points
in a formal inversion proceedure. Using laterally homogeneous structural models we
have systematically varied velocity-depth functions down to about 500 km depth and
compared synthetic seismograms to data out to about 2000 km distance. Differential
seismograms were used to infer relationships between structural parameters and the
resulting seismograms. By using standard Furasian crust and upper mantle structural
models and introducing velocity randomization, it is possible to produce synthetic
seismograms that show all of the regional phases complete with attendant coda. How-
ever, the synthetic seismograms show energetic B and §, phases at distances above
1000 km that are often not present in the data. The §, phase can be reduced by
suitable upper mantle velocity profiles. The reduction of Ik in the synthetics is
more difficult which indicates that lateral scattering may be reducing N amplitudes
without adversely affecting L.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Regional Wave Propagation, Seismic Scattering 34

16. PRICE COOE

17. SECURITY CLASSIFICATION [18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION [ 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE Of ABSYRACT
UNCLASSTIFIED UNCLASSIFIED UNCLASSIFTED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev 2-89)

Prescribea Dy AN Sta (39-°8
298102




A Systematic Study of the Effects of Crust and Upper Mantle Structure
on Regional Seismograms

by

Danny J. Harvey

1. Introduction

As part of a broader effort to invert for Eurasian crust and upper mantle structure,
a study has been undertaken to investigate the effects of structural model variations on
regional synthetic seismograms. The intent of this study is to produce regional syn-
thetic seismograms that approximately match the observed data so that the inferred
structural models can be used as starting points in a formal inversion procedure.
Another purpose for this study is to identify to what extent different modeling tech-

niques can be used to adequately represent the observations.

We are particularly interested in using laterally homogeneous modeling pro-
cedures since they are computationally efficient and accurate, given the assumption of
1D structure. This issue of computational efficiency is not a minor point. The process
of inferring source and structural parameters, whether using formal inversion pro-
cedures or systematic studies, requires a large number of forward evaluations. On the
other hand, we know that the earth is not laterally homogeneous and it is important to
identify the inadequacies of full waveform modeling using 1D structures. In this study

we hope to gain understanding about the basic physical processes that are important

for regional seismic wave propagation and we want to determine the fundamental limi- |

tations of 1D modeling techniques.
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2. Research Accomplished

The data we used in this study comes from three sources and we have concen-
trated on the USSR Joint Verification Experiment (JVE) nuclear shot that took place
on September 14, 1988 at the Semipalatinsk test site in Kazakhstan. The first set of
data sources are the IRIS high frequency surface instruments at Chusal (CHS), Arti
(ARU) and Obninsk (OBN). The second set of sources were portable high frequency
instruments that were placed at Karasu (KSU), Karkaralinsk (KKL) and Bayanaul
(BAY) and the third data source consists of hand digitized analog records recorded by

Soviet observatories at

ARU, OBN, Talaya (TLY) and Norilsk (NRI).! Figure 1 shows a record section
plot of the vertical component IRIS and portable digital instrument recordings after
application of a low pass filter and decimation to 1 Hz nyquist frequency. The useful
frequency range is 0.1 to 1.0 Hz. The digitized Soviet data after similar filtering and

decimation is shown in figure 2.

Although the instrument responses for the analog records are somewhat different
from those of the digital instruments, we can still see certain basic characteristics of

the waveforms.

. Other than the first P arrival, the only consistent arrival is L, which is character-
ized as an emergent arrival with a long coda. We should point out that L, is not
always apparent from other test sites or at stations from the Kazakh test site that

are further away.

2. The S, arrival, which becomes the direct upper mantle $ arrival at the longer dis-

PRI, |

tances, can be seen on some of the records (CHS and ARU), but it 1s small.

30 There is no obvious P, arrival. It could be hidden in, or contributing to, the coda
! The digitized analog Soviet data was obtained through a joint US-Soviet seismic data ex-
change agreement. These data were originally heliocorder records that were hand digitized by a

+ US contractor.




associated with the first P arrival.

4. There is no appreciable Rayleigh wave in this frequency band for the stations at

distances greater than 250 km.

We used three methods for computing synthetic seismograms for comparison with
the data: the locked mode method of Harvey,2 the reflectivity method? and the WKBJ
ray theoretical method of Chapman and Dey-Sarkar.* Most of the complete seismo-
grams were computed with the locked mode method with the reflectivity method used
for periodic checks. The WKBJ ray theory was meant to be used as a very rapid initial
check of candidate structural models. The synthetic seismograms were all computed to
1 Hz nyquist frequency and were filtered with the instrument responses and the same

anti-aliasing filter used in the decimation of the data.

The structural models used in this study are shown in figure 3. We started with a
“crude” model, shown in figure 3a, which consists of six homogeneous layers with
discontinuities at 10, 50, 220, 410 and 700 km depth. The Q model for the "crude”
structure was Q, = 2000 and Qg = 950 in every layer except the topmost layer where
Q. = 200 and Qg = 95. A synthetic record section using the crude mode! is shown in
figure 4. If we compare this with the data we can see that the crude model produces
no appreciable L, and it produces a direct S arrival that is much larger than in the data.
If we try to increase the Q values in the topmost layer, a large Rayleigh wave appears

and L, is still much smaller than in the data.

Figures 5 through 10 show the synthetic record sections corresponding to the
structural models shown in figures 3b through 3g. The basel model is a layerized ver-

sion of a model with smooth gradients within the crust, at the Moho and in the upper
2 Harvey, D. (1981). Seismogram synthesis using normal mode superposition: the locked
mode approximation. Geophys. J R. Astr. Soc. 66, 37-61.

¥ Luco. J. and Apsel. R. (1983). On the Green's functions for a layered half-space: Part L
Bull. Seismol. Soc. Am. 73, 909-929.

4 Dey-Sarkar. S. K. and Chapman, C. H. (1978). A simple method for the computation of
body-wave seismograms. Bull. Seismol. Soc. Am. 68, 1577-1593.




mantle. The base2 model is similar to basel except that a weak low velocity zone has
been introduced at about 100 km depth, the upper mantle gradients have been
decreased and gradients at the upper mantle discontinuities have been added. The
base3 model, although unrealistic, was an attempt to minimize the direct S phase by

using a completely smooth V, distribution throughout the upper mantle.

In a previous study we determined that using a vertically randomized velocity dis-
tribution in the crust produced synthetic seismograms that show many of the features
that we see in the data especially in the early parts of the wavetrain. The ranl-basel,
ranl-base? and ranl-base3 (figures 3e, 3f and 3g) structural models are combinations
of the upper mantle structures of basel, base2 and base3 with a vertically randomized

version of the crust.

If we look at the synthetic record sections of figures 4, 5, 6 and 7, which all
correspond to mooth or large-scale blocky structural models, we see many large
amplitude impulsive arrivals. The direct upper mantle S arrival is particularly large.
We took some time to understand the nature of this arrival in the synthetic seismo-
grams. We were using pure explosion sources at 630 m depth for all ot the synthetic
seismograms so the S arrival is generated entirely by P toS conversions predominately
at the free surface. By comparing ray theoretical arrivals with those from the complete
seismogram synthesis codes we were able to determine that the direct S arrival is a
combination of a normal P to S conversion at the free surface along with a strong
diffraction arrival that is generated by the small radius of curvature of the P wave front
as it s reflected at the free surface. In order to represent this diffraction arrival in the
ray theoretical code we added a vertical vector point force at the free surface that was
time delayed by the P travel time from the explosion source at 650 m depth to the sur-

face.

The data shows weak or nonexistent direct S arrivals which represents a major

discrepancy between the data and the synthetics. From previous studies we know that




there is evidence that undeiground nuclear explosion arrivals generated by fiee surface
conversions are weaker in the near source region than theory predicts.> However, this
effect is not normally strong enough to explain the difference the we see here between
the synthetic seismograms and the data. If we look to upper mantle intrinsic attenua-
tion, a simple calculation yields a Q4 value of about 100 that would be neccessary to
bring down the direct S arrival amplitudes to be consistent with the data and this value
of upper mantle Q is probably unreasonable and at odds with the Q estimates from

whole earth inversion studies for the central Asian shield region.

As an alternative mechanism for the reduction of the direct S arrival amplitude we
have investigated near surface linear elastic scattering by introducing a large number of
thin crustal layers with a random component to the velocity distribution which presents
a broad-scale vertical scattering environment to the upper mantle arrivals as they pass
through the crust. Figures 8, 9 and 10 show syathetic record sections with crustal ran-
domized versions of the structures represented in figures 5, 6 and 7 respectively. The

crustal scattering in the randomized models has caused a number of effects.

1. The direct S arrival is consistently reduced in amplitude. In some cases, such as at
CHS, this reduction is substantial and the seismograms for the randomized models

conform to what we see in the data.

2. The direct P arrival is able to pass through the randomized crustal layers with

only a small reduction in amplitude which is consistently with the data.

3. There is a tendency for all impulsive arrivals to be "blurred” out to produce
wavelet groupings followed by coda. This is a characteristic that we see in the

data.

4. Although it is not readily apparent in the figures, the total L, energy level

increases with the randomized models.
% This is normally attributed to non-linear effects in the region above the explosion which
effectively create an cxtremely low Q zone between the explosion and the surface.




A closer comparison of the data with all of the synthetic seismograms at four sta-
tions can be seen in figures 11 through 14. The crustal randomization mitigates, at
least to some extent, the problem with the direct S arrival, however there remain sub-
stantial differences between the data and the synthetics especially regarding L, and the
Rayleigh surface wave. By using differential seismograms we have determined that L,
for these crustal models propagates in the upper 10 km of the crust, in the same gen-
eral region where the 0.5 Hz Rayleigh wave is appreciably energetic. Attempts to
attenuate the Rayleigh wave with suitable Q models also causes L, to be attenuated.
This can be clearly seen when we compare the crude model, where the Q values were
low all the way down to 10 km depth, to the basel model, where the Q values were
low only to several km depth. If we compare L, to P amplitude ratios of the data to
those of the synthetics we find that except for station KKL, the data has consistently
higher values than the synthetics suggesting that, if anything, the upper crust Q values
for the synthetics are too low. At the same time the data shows no sign of 0.5 Hz Ray-
leigh waves for the stations at distances more than 1000 km, suggesting that tic upper

crust Q values for the synthetics are too high.

If we look at the comparison for station KKL (figure 11), which is at a distance
of about 250 km, the data shows a large and dispersed Rayleigh wave and a small L,
arrival. This 1s a station where the L, to P amplitude ratio is higher for the synthetics
than for the data and where the data shows a Rayleigh wave that has approximately
the same amplitude as that of the synthetics. The big difference between the data and
the synthetics is the dispersed nature of the Rayleigh wave in the data compared to the
relatively impulsive nature of the Rayleigh wave in the synthetics. The group velocity
range corresponding to the observed Rayleigh wave dispersion is about 3.0 to 2.4
km/sec. This sort of dispersion at such a small distance is difficult, if not impossible,
to produce with laterally homogeneous modeling techniques using reasonable structural

models. We think that the observed dispersion in the Rayleigh wave at KKL is likely




due to lateral scattering mechanisms that fall into two basic categories: 1) large scale
multi-pathing of the fundamental Raylcigh wave from different azimuths at the
receiver and 2) small to medium scale scattering of the fundamental Rayleigh wave

into higher modes along the entire propagation path.

If small scale scattering of the Rayleigh wave is not important, then we would
expect to see the Rayleigh wave at the larger distances except with “scrambled™ drwper
ston charactenstics, like we do at KKLE small scale scattermg as nnportant, then the
Rayleigh wave would be continuously scattered into other modes along its propagation
path which would effectively attenuate it as it propagates. When the Rayleigh wave
impinges upon a small subsurface scattering region, body wave energy would be radi-
ated which would likely be at the S wave velocity of the upper crust, ie. the I, velo
city. We think that there is a strong tendency for the high frequency Rayleigh wave to
be scattered into L, which attenuates the Rayleigh wave and boosts the I, arrival and
this hypothesis is consistent with the differences we see between the data and the

faterally homogeneous modehing resuits.

The lateral scattering of a well organized surface wave into a highly focused
waveguide arrival points out the inadequacies of representing random scattering with
an cffective "scattering” Q value. The scattering Q value necessary to reduce the Ray-
leigh wave amplitude consistent with the data also clobbers L, In this case the
effective scattering Q value is different for the Rayleigh wave and L, even though they
occupy the same depth and frequency range. In fact it may be that the scattering Q for
L, is negative, since L, is the beneficiary of Rayleigh wave energy along with other
forms of scattered energy. If this representation of [, is accurate then we could con-

sider 1., to be a sort of "garbage can” arrival that picks up energy scattered from other

arrivals and focuses it along the upper crust waveguide.




3. Conclusions

We have compared regional data recorded during the Soviet JVE with synthetic

seismograms for a number of hypothetical structural models using laterally homogene-

ous modeling techniques. Our ntent was o determine which parts of the waveforms

could be adequately represented by these techniques, to identify where lateral scatter-

ing plays a critical role in the wave propagation and to infer structural models that can

be used as starting values in a formal inversion prosedure. Out conclusions from this

study are as follows.

L]

The only clear and consistent arrivals in the data are the first P arrival and L,. A
weak direct S arrival can be seen occasionally. There is no evidence of a Ray-

leigh wave at distances above 1000 km.

Laterally homogencous modeling does a tairly good job of representing the fisst p

arcival and, to a lesser extent, the st S aroval,

Vertical randomization of the crust is necessary to smooth out impulsive arrivals
that we do not see in the data and to help capture S energy within the crust before

it has a chance to propagate into the mantle.

Although most reasonable laterally homogeneous structural modets will produce
an L, arnival, it is difficult to match the observed amplitude. Attempts to adjust
upper crust Q values to boost 1., has the undesirable side effect of boosting the

Rayleigh wave amplitude.

A plansible hypothesis to explain the ditfeiences i 1, and Rayleigh wave amph-
tudes between the synthetics and d..a 1s that small to mediuvm scale lateral
scattering of the Rayleigh wave into L, is occurring along the entire Rayleigh
wave propagation path.

The L, arrival may be a seismic "garbage can” that naturally picks up and focuses

energy that has been scattered, either vertically or laterally, from all other waves




that pass through the upper crust
Our recommendations for future work are as follows.

In order to explain Rayleigh wave and L., amplitudes at regional distances, Ray-
leigh wave to | lateral scattering needs to be investigated. 1t is hikely that eithes
a mode coupling method must be used to model this or numecrical modeling

methods, such as 2D or 3D finite difference, must be used.

The role of vertical randomization in the upper mantle needs to be studicd
Although we would not expect the random characteristics of upper mantle velo-
aity distritbutions to be the same as those in the crust, 1t would be reasonable to
expect some ctfectively random component to the velocity disuibutions Upper
mantle randomization would help to further smooth out impulsive arrivals and to

effectively defocus strong triplications.

It will be highly deswrable to develop methods for mapping structural and source

statistical parameters into observed statistics, such as RMS L, measurements.

4. Contributing Researchers

The following individuals contributed to the research described in this report.

Dr. Roger Hansen, Air Force Technical Applications Center, Patrick AFB, FL.

5. Related Contracts and Publications

A companion contiact, “Studies of High Frequency Regional Discriminants”,

F19628-90-K-0023, provided partial *pport for some results presented in this report.

The following publications were produced in part with support from this contract.

Harvey, D, and Hansen, R., 1991, A Systematic Study of the Yffects of Crust and

Upper Mantle Structure on Reg :nal Seismograms, Proceedings of the Thirteenth
Annual PL/DARPA Seismic Research Symposium, J. Lewkowicz, and J. McPhe-

tres, ed.




Distance (km)

KSU
KKL
1000
CHS
ARU
2000

O WMWWW%M
3000

-200 -100 O 100 200 300 400 500 600 700 800
Reduced Tune (see), t- 1/ 8 10

Figure 1. Digital vertical component records from the IRIS and portable
instruments for the Soviet JVE after decimation to 1 Hz.
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Figure 2. Analog vertical component records from the Soviet instruments for
the Soviet JVE after decimation to 1 Hz.
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Figure 4. Synthetic seismograms for the structural model shown in figuie 3a.
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Figure 5. Synthetic seismograms for the structural model shown in figure 3b.
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Figure 6. Synthetic seismograms for the structural model shown in figure 3c.
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Figure 7. Synthetic seismograms for the structural model shown in figure 3d.




Ranl-Basel Structure
O o

ksu b
KKL q‘ 7

CHS il
. W—»——W%&

= ART! il
g I e S
g
8 ‘TLY } ‘_”“;M
2
Q

2000

NRI 1‘ e
. - %——W-—% ,.,,M;w__ iy
3000 | |

200 -100 O 100 200 300 400 500 600 700 800

Reduced Time (sec), t - 1/ 8.10

Figure 8. Synthetic seismograms for the structural model shown in figure 3e.
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Figure 9. Synthetic seismograms for the structural model shown in figure 3f.
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Figure 10. Synthetic seismograms for the structural model shown in fig. 3g.
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Figure 11. Comparisons of data with synthetic seismograms at KKL. The
data station names end in "d" to signify the digital data or "a" to signify the

analog data.
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station names end in "d" to signify the digital data or "a" to signify the analog

data.
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Figure 13. Comparisons of data with synthetic seismograms at ARU. The
data station names end in "d" to signify the digital data or "a” to signify the
analog data.
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Figure 14. Comparisons of data with synthetic seismograms at OBN. The
data station names end in "d" to signify the digital data or "a" to signify the
analog data.
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